Neutrophils are short-lived, abundant peripheral blood leukocytes that provide a first line of defense against bacterial and fungal infections whilst also being a key part of the inflammatory response. Chemokines induce neutrophil recruitment to inflammatory sites, where neutrophils perform a number of diverse functions that are aimed at fighting infections. Neutrophil effector functions are tightly regulated processes that are governed by an array of intracellular signaling pathways and initiated by receptor-ligand binding events. Dysregulated, neutrophil activation can result in excessive inflammation and host damage, as is evident in a number of autoimmune diseases. Rho family small GTPases and agonist-activated phosphoinositide 3-kinases (PI3Ks) represent two classes of key regulators of the highly specialized neutrophil. Here we review cross-talk between these important signaling intermediates in the context of neutrophil functions. We include PI3K-dependent activation of Rho family small GTPases and of their guanine nucleotide exchange factors and GTPase activating proteins, as well as Rho GTPasedependent regulation of PI3K.
Introduction
Neutrophils are the most abundant peripheral blood leukocytes in humans. These terminally differentiated, highly specialized phagocytes represent a first line of defense against bacterial and fungal infections. 1, 2 As part of the innate immune system, neutrophils do not distinguish between host and intruder but employ their destructive force indiscriminately. Neutrophils need to be tightly controlled. Insufficient neutrophil activity renders the host susceptible to repeated infections, which can be life-threatening. Yet, dysregulated neutrophil activation can result in excessive collateral damage to the host, as exemplified by a range of autoimmune diseases, such as rheumatoid arthritis.
Upon activating conditions, adhesion molecules (selectins and integrins) undergo changes that permit the circulating neutrophil to interact with the vessel wall. Neutrophils roll along the vessel wall, slow down and crawl along the inside of the vessel until they adhere firmly and extravasate. Following gradients of chemokines and chemoattractants neutrophils travel through tissue to reach sites of infection or insult. Once arrived at their destination, neutrophils phagocytose pathogens. They degranulate, releasing an arsenal of cytotoxic enzymes and generate reactive oxygen species (ROS) to kill pathogens ( Figure 1 ). Moreover, neutrophils can release their chromatin to act as extracellular traps (NETs), for example aiding the destruction of pathogens that are too large to be engulfed. Neutrophils also produce cytokines, to recruit and cross-talk with other immune cells thus playing a part in orchestrating the immune response. Circulating neutrophils are only short-lived, with estimated half-lives ranging from hours to days depending on the method employed. Neutrophil lifespan is, however, significantly extended under inflammatory conditions. To end their short lives, aged circulating neutrophils home to liver, spleen and bone marrow for clearance by resident macrophages. The majority of the longer-lived post-migrated, inflammatory neutrophils eventually undergo apoptosis, and display 'eat-me' signals. By doing so they, too, induce their own clearance by phagocytic macrophages in a process termed efferocytosis. In this way, neutrophil apoptosis helps to keep the fine balance between the generation and resolution of inflammation, enabling immunity whilst avoiding excessive inflammation.
Ligation of neutrophil cell surface receptors triggers a large number of signaling pathways, that are involved in the tight control of neutrophil behavior. Key regulators include Rho family small GTPases as well as agonist-activated PI3Ks.
Small GTPases cycle between a GDP-and a GTP-bound form; only when GTP-bound can they interact with and activate effector molecules. Small GTPases are themselves subject to regulation. The intrinsic GTPase activity of many GTPases is low; it is activated by GTPase activating proteins (GAPs), whilst exchange of GDP for GTP is catalyzed by guanine nucleotide exchange factors (GEFs). A third regulator, Rho-GDP dissociation inhibitor (RhoGDI) prevents GTP exchange and sequesters the GTPase in the cytosol, thereby aiding the spatial regulation of Rho GTPase signaling (reviewed in ref 3 ). Major Rho family small GTPases expressed by human neutrophils are Rac proteins (Rac1, Rac2 and RhoG), RhoA and Cdc42, with several other Rho GTPases expressed at minor levels. 4 Rho GTPases are best known for their regulatory function in dynamic actin rearrangements, but they also control a host of other cellular functions by regulating several effector proteins each. indicative of the large amount of cross-talk between these two classes of regulators. Here, we discuss cross-talk between PI3K and Rho family small GTPases in the neutrophil. There are numerous examples of Rho GTPase-dependent regulation of neutrophil function, involving PI3K-regulated GEFs and GAPs. As indicated, many studies analyzed this in the context of neutrophil polarization and chemotaxis. PI3K (in conjunction with Rac) was thought to be a key to the neutrophil's 'chemotactic compass' for some time. However, this view has since been revised and PI3K's role in chemotaxis is now thought to be context-dependent.
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Rac
Rac is best known as the regulator of actin polymerization (Arp2/3-dependent, branched meshworks) as found in actin-rich lamellipodia, which are very important for neutrophil function. Neutrophils express the leukocyte-enriched Rac2 as well as the ubiquitous Rac1 and the Rac-related RhoG. Rac proteins have been extensively studied in neutrophils, in particular genetically in the mouse. To summarize, both Rac1 and Rac2 have important functions in the neutrophil (e.g. refs [11] [12] [13] ). Much of this data is not very recent; since it has been extensively reviewed previously, it is not covered in-depth here. In-line with the well-documented function of Rac in the NADPH oxidase in other cell types, the neutrophil's NADPH oxidase function was found to be dramatically reduced in Rac2-deficient neutrophils. Interestingly, it was not affected by Rac1-deficiency. Similarly, phagocytosis was reduced by Rac2-but not by Rac1-deficiency. In contrast, both Rac isoforms were reported to be involved in chemoattractantinduced dynamic actin rearrangements and were required for efficient transwell chemotaxis in vitro. In keeping with this, lack of either Rac isoform interfered with efficient neutrophil recruitment to sites of inflammation in vivo. Analysis of chemotactic tracks in vitro suggested that Rac1 regulated chemotactic directionality whilst Rac2 was required for neutrophil migration and speed. RhoG, which functions upstream of Rac1/2, 14 regulates the NADPH oxidase following GPCR stimulation, but it was shown to be dispensible for transwell chemotaxis or neutrophil recruitment in vivo.
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PI3K-dependent regulation of Rac
A strong link between PI3K and Rac activation has been observed in many contexts. Since it was established that Rac activation can be PI3K-dependent, a number of PIP 3 -activated Rac
GEFs have been described (reviewed in ref 16 ). Several of these, e.g. Vav, P-Rex, DOCK and
Tiam GEFs, are expressed in the neutrophil, and neutrophils from some relevant mouse knockout lines have been analyzed. Vav GEFs were shown genetically to regulate integrin dependent processes, 17 whilst P-Rex1 regulated GPCR-dependent processes such as ROS production. 18 Individually, neither of these GEFs were found to be major regulators of neutrophil migration.
In combination, however, Vav1/3 and P-Rex1 deletion significantly impaired neutrophil chemotaxis in vitro and neutrophil recruitment to sites of sterile inflammation in vivo. 19, 20 Contrasting with the mild chemotaxis defects of Vav1/3 and P-Rex1-deficient neutrophils, loss of Tiam2 (expression of which is abrogated in ATF3 transcription factor knock-out neutrophils) has been shown to interfere with neutrophil chemotaxis in vitro and recruitment to the inflamed lung in vivo. 21 Given the important function of Tiam1 in cancer cell adhesion, migration, invasion and polarity, it will be interesting to analyze any potential Tiam1 function in neutrophils. Neutrophils also express members of the atypical (non Dbl-domain containing) DOCK GEFs, which are thought to be regulated by PIP 3 and also phosphatidic acid, and which can function as bipartite GEFs together with ELMO proteins. The analysis of DOCK2, DOCK5
and DOCK2/5-deficient neutrophils identified these DOCK family GEFs as important regulators of neutrophil polarization, chemotactic speed and persistent directionality. 22, 23 In an interesting twist, P-Rex1 has recently been shown to activate RhoG, which in turn regulates the DOCK2-ELMO complex to activate Rac signaling following GPCR activation of neutrophils.
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Whilst PI3K-regulated Rac activation is well established, more recently, PI3K was also been shown to drive Rac-inactivation. 25 Recently, the function of two PIP 3 activated Rac GAPs, ArhGAP15 and ArhGAP25, were analyzed in myeloid cells. ArhGAP15-deficient neutrophils chemotaxed with improved directionality in vitro, and were recruited more efficiently in a model of sepsis in vivo; they phagocytosed and killed pathogens more efficiently. 26 Phagocytosis in ArhGAP25 knock-down PLB-985 neutrophil-like cells or in monocytederived macrophages was mildly upregulated; ArhGAP25-deficient neutrophils exhibited reduced rolling but enhanced crawling under flow conditions. These neutrophils were also characterized by increased TEM and improved recruitment to sites of inflammation in vivo. 27, 28 These phenotypes are suggestive of a potential role of both of these GAPs in reducing host defense, perhaps in order to protect the host from neutrophil-inflicted damage.
Cdc42
Apart from its action on the actin cytoskeleton, Cdc42 is a well-established key regulator of polarization in many biological systems. Interestingly, in the neutrophil, Rac rather than Cdc42 was thought for some time to control polarity and directionality (reviewed in ref 10 ). The function of Cdc42 function in these processes has since been analyzed in neutrophils from (conditional) knock-out mice. This established that neutrophil directionality and polarity were impaired both when Cdc42 was deleted, or when (due to the deletion of Cdc42GAP) too much
Cdc42 activity was present. 
PI3K-dependent regulation of Cdc42
We recently identified an unusual immune complex-induced pro-apoptotic pathway, PI3Kb/dCdc42-Pak-Mek-Erk, that operates in human neutrophils. 8 In this context, immune complex- share downstream signaling pathways, the as-yet-to-be-identified Cdc42 GEF is likely to function in adhesion-dependent situations as well. This observation is interesting, as there are only few instances in which Cdc42 has been shown to be activated in a PI3K-dependent fashion in any tissues, but for example, EGF-induced activation of Cdc42 in MTLn3 carcinoma cells was shown to be abrogated on inhibition of PI3K. 33 No Cdc42 GEF has yet been shown to be directly activated (or recruited to the plasma membrane) by PIP 3 , but a-PIX was suggested to be involved indirectly in Gbg, Pak, Cdc42 and PIP 3 co-localization to the leading edge of chemotaxing neutrophils. 34 Conversely, PI3K has been demonstrated to regulate Cdc42 inactivation. Hence, Cdc42
inactivation was shown to be regulated by PI3K in phagocytosing mouse macrophage-like RAW264.7 cells. 35 Three PIP 3 -activated Rac/Cdc42 GAPs were recently identified in a knockdown based screen analyzing the regulation of phagocytosis in RAW264.7. 36 In addition,
Cdc42GAP was isolated as a PIP 3 -binding protein from neutrophils. 9 As discussed above, Cdc42GAP was since shown genetically to regulate neutrophil chemotaxis and recruitment, with Cdc42GAP-deficient neutrophils characterized by reduced directionality but increased speed and enhanced TEM. This was associated with altered adhesive (podosome-like) structures and MAPK signaling.
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RhoA
RhoA is another regulator of cell migration, which is best known for controling contractile actin cables (stress fibres), and stable focal adhesions, which anchor the cell to the substratum.
Actin cables, along with focal adhesions (and indeed the shorter lived focal contacts), do not actually exist in neutrophils. Nonetheless, RhoA has long been regarded as another important regulator of neutrophil migration. Using FRET microscopy, RhoA-GTP was shown to localize to the leading edge and trailing end of many cell types during cell migration. Such experiments
have not yet been reported with primary neutrophils. In neutrophil-like cell lines (HL-60 and PLB-985), however, RhoA-GTP was shown to be restricted to the trailing end. 31, 32 This distribution is thought to be regulated by a series of regulatory feed-back loops. 10, 31, 32 The major function of RhoA in neutrophil migration is therefore thought to lie in the regulation tail retraction, mediated by its effector ROCK. However, a recent report on RhoA knock-out neutrophils has cast doubts on this assumption. Rho-deficient neutrophils displayed enhanced neutrophil integrin activation and were characterized by increased random and directional migration in vitro and by enhanced recruitment to inflammatory sites in vivo. 37 This suggests that RhoA may in fact act as a negative regulator of neutrophil migration and activation.
PI3K-dependent regulation of RhoA
No PI3K-activated RhoA GEF has been reported yet in the neutrophil, but observations in other cell types support the existence of a PI3K-regulated Rho GEF. For example, in p110a-deficient or p110a kinase-dead endothelial cells, or upon PI3K inhibition in wild-type endothelial cells, RhoA activation was dramatically reduced, correlating with a migration and tail retraction defect. 38 Our understanding of PI3K-driven RhoA inactivation in the neutrophil is greater than that of Rho activation. ARAP3, a dual GAP for RhoA and Arf6, was identified in a screen for PIP3 binding proteins from neutrophils. 9 In ARAP3-deficient neutrophils, or in knock-ins carrying a point mutation that uncoupled ARAP3 from the activation by PI3K, adhesion dependent neutrophil functions were upregulated due to increased b2 integrin affinities. 39, 40 ARAP3-deficient neutrophils were not only characterized by an integrin-dependent migration defect but also by a chemotactic directionality defect. In-line with the reported enhanced chemotaxis of RhoA-deficient neutrophils toward KC (a mouse homologue of human IL8), but not toward fMLF, 37 the chemotaxis defect of neutrophils in which ARAP3 had been uncoupled from activation by PI3K that was more pronounced with migration toward MIP2 (another mouse homologue of IL8) than fMLF.
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Regulation of PI3K by Rho family GTPases
Rho family small GTPases have been reported to promote PI3K in a number of contexts. GTPbound Rac and Cdc42 were shown to interact with the p110b RBD, directly activating it in a manner akin to Ras-dependent activation of p110a, p110g and p110d. 6 By analyzing knockin mice that harbored mutations which interfered with the regulatory input of either Gbg or Rac/Cdc42, PI3Kb was shown to be activated synergistically by these two classes of activators on concurrent GPCR and RTK stimulation in macrophages (whilst GPCR stimulation alone relied heavily on PI3Kg). ROS production and adhesion / spreading assays were used as indirect read-outs of PI3K activity in neutrophils to demonstrate that both Rac/Cdc42 and Gbgdependent stimulation of p110b were required in addition to FcgR (or indeed integrin) activation to derive full adhesion-dependent activation of PI3Kb (ref 41 and Fig 2) . In a series of elegant experiments, the authors of this study demonstrated that Gbg and Rac/Cdc42 activated p110b in a cooperative fashion. Interestingly, a paracrine positive feed-back loop operates in FcgR-(or integrin-) stimulated neutrophils to enable this. 42 Hence, stimulation of the FcgR / integrin not only causes activation of Rac/Cdc42 via as yet undefined GEF(s) but also induces the production of the neutrophilic lipid mediator leukotriene B4 (LTB4), which binds to its (G protein coupled) receptor, BLT1, thereby generating G protein bg subunits, that bind to the p110b RBD, driving the synergistic activation of this PI3K together with phosphopeptide. Interestingly, GPCR stimulation (using fMLF) alone relied almost entirely on PI3Kg rather than PI3Kb. 41 Whilst this was not addressed in the study, it seems likely that BLT1 ligation also leads to the activation of downstream Rac/Cdc42 GEF(s), perhaps in conjunction with the PI3K lipid product PIP 3 , adding an additional level of cross-talk between PI3K and Rac/Cdc42.
In chemotaxing mouse neutrophils (and human neutrophil-like cells), Rho family GTPases and PI3K have been reported to regulate one another by employing feed-back loops. Using a combination of inhibitors and probes as well as expression of dominant negative / constitutively active small GTPase constructs in HL60 cells showed that PIP 3 polarization to the leading edge required actin polymerization and Rac activation (reviewed in ref 10 ). Building on these earlier studies, generation and localization of the PI3K lipid product PIP 3 were examined by activity assays and monitored using a fluorescent probe in the analysis of DOCK2-deficient neutrophils. Interestingly, in the absence of DOCK2, which is recruited to the neutrophil's leading edge by PIP 3 , PIP 3 was generated, but not subsequently polarized. 22 The authors showed that PIP 3 was generated by DOCK2-deficient neutrophils, but did not drive persistent signaling. DOCK2 was proposed to be involved in a feed-back loop involving PI3K, Rac and actin which stabilizes the PIP 3 signal at the leading edge. In a separate study, RhoA was shown to downregulate PI3K signaling at the trailing end of chemotaxing neutrophils by activating the PIP 3 phosphatase PTEN.
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Conclusions and future directions
The examples given above outline significant cross-talk between PI3K and Rho family small polarization. This field promises to deliver further interesting insights in the future. ArhGAP15 (serum opsonized only) 26 
NADPH oxidase
Rac2 but not Rac1 e.g. 11, 12 RhoG (to fMLF and C5a) 15, 24 Vav1-3 and ARHGAP25 (to opsonized particles) 19, 27 P-Rex1 (LPS-primed to fMLF) 
